Broadband dielectric spectroscopy and differential scanning calorimetry measurements have been performed to study the molecular dynamics poly ͑vinyl pyrrolidone͒ and its water solutions in a wide range of concentrations ͑0 wt % Ͻ w c Ͻ 55 wt % ͒ and in the temperature range from 140 to 500 K. The dry material was completely characterized showing the presence of two relaxations in the supercooled state. The slow one has the characteristics of a Johari-Goldstein-type relaxation. On the other hand, the low temperature water dynamics in the mixtures evidences a prominent loss peak due to the reorientation of water molecules inside the polymer matrix for all the hydration levels. We show that the relaxation times are almost water concentration ͑w c ͒ independent from w c Ͼ 20 wt % suggesting that this dynamical process is dominated by water-water interactions. In addition, the temperature dependence of the water relaxation times exhibits a crossover from non-Arrhenius to Arrhenius behavior during cooling throughout the glass transition range, which has been interpreted as due to the constrains imposed by the rigid polymer matrix on the water molecules dynamics.
INTRODUCTION
Poly͑vinyl pyrrolidone͒ ͑PVP͒ is a water soluble polymer which has a wide range of technological applications. Since it has very low toxicity, PVP is used as a binder in many pharmaceutical tablets and as a food additive. It also has very advantageous characteristics such as good film formation properties and good adhesiveness to various substances. In addition, PVP is highly soluble in several organic solvents ͑such as ethanol, chloroform, acetic acid, and some alcohols among others͒ and water.
Because all of these applications, PVP has been extensively studied by different techniques [1] [2] [3] and has been blended with several substances. [4] [5] [6] In particular, PVP has been also investigated in water mixtures [7] [8] [9] [10] and, as in other water-polymer systems ͓for instance, poly͑vinyl alcohol͒ or poly͑vinyl methyl ether͒ ͑PVME͔͒, water crystallization can be inhibited at sufficiently high polymer concentration, 11 likely because the H-bonding network of water molecules is somehow restricted by the polymer matrix. Consequently, the study of water mixtures becomes very attractive mainly due to the fact that it is possible to address both the dielectric processes of the polymer in an aqueous environment as well as the dielectric relaxation processes of water at low temperatures that would correspond to supercooled water. Since water molecule has a big dipolar moment, dielectric spectroscopy is a very suitable technique to analyze the reorientational dynamical behavior of water on a broad frequency range. Thus, a lot of attention has been paid in the literature to the dielectric behavior of water dynamics in several aqueous mixtures such as PVP, 7-10 PVME, 11 propylene glycol, and its oligomers 12, 13 and proteins. 14 At room temperature, bulk water shows a pronounced loss process at around 19.2 GHz at 293 K due to the reorientation of water dipoles. 15 In solutions, this process become broader and its relaxation times slower, likely because of the intermolecular interaction with the polymer. For instance, in the case of PVP-water mixtures at 40 wt % of water, the frequency peak is located at ϳ2 GHz at 293 K. 16 On the other hand, below room temperature, usually two different relaxation processes have been observed in water solutions ͑we have called these processes I and II in Refs. 10 and 17͒. The relaxation times of the slower process ͑I͒ follows a Vogel-Fulcher-Tammann 18 ͑VFT͒ temperature dependence and it was considered to be due to the cooperative rearrangement of the whole mixtures, i.e., the matrix ͑solute͒ plus water. The characteristics of this process are quite similar to those exhibited by the well known ␣ relaxation, which is observed in supercooled systems above the glass transition temperature ͑T g ͒ range. Note that, for polymeric water solutions, the slower process ͑I͒ is not strong enough to be observed by dielectric spectroscopy due to the conductivity contribution. 10, 11, 17 On the other hand, the faster process ͑II͒ has usually been associated to the reorientation of water molecules in the solution. The temperature dependence of the relaxation times use to be Arrhenius type below the glass transition of the hydrated systems, suggesting that, in the low temperature range, water motions are in some way restricted by the glassy matrix.
In this work, PVP/water mixtures have been investigated by dielectric spectroscopy with the aim of studying the dy-namic of uncrystallized water in these mixtures. Our experiments have been mainly focused on the water dynamics in the low temperature range ͑below the temperature of recrystallization of water͒ where the PVP matrix remains essentially immobile. First, in order to characterize the dry material, we have studied the dynamics of dry PVP. We will show that the temperature dependence of the relaxation times characterizing water dynamics is almost independent on water concentration from w c Ͼ 20 wt %. In addition, by using high pressure dielectric measurements, we will show that this process is controlled by intermolecular interactions. Finally, we will discuss the crossover observed in the temperature dependence of the relaxation times of the water process when the mixtures reach the calorimetric glass transition temperature ͑T g ͒.
EXPERIMENT
PVP in aqueous solution ͑55 wt % ͒ was purchased from Aldrich Chemical and it was used without any further purification. The reported weight-average molecular weight ͑M w ͒ of this polymer is 160.000 kg/ mol.
Different hydration values were obtained by evaporating the water from the 55 wt % sample under normal room conditions. The evaporation was carried out directly on the electrodes used for dielectric relaxation measurements. Final water content was determined by weighting the samples. Water concentrations ͑w c ͒ of 55, 40, 30, 25, 20, 15 , and 10 wt % were obtained in this way. In addition, a sample with about 1 wt % of water was also obtained by extensively drying in a vacuum oven at 400 K. Finally, a film of dry PVP was also prepared by extensively drying first at 373 K in a vacuum oven for 1 week and, after that, for 3 h at 460 K directly in the dielectric cell cryostat. Each sample was measured immediately after reaching the desired water content. A small part of hydrated samples were then quickly crimp sealed into the differential scanning calorimetry ͑DSC͒ pans for calorimetric measurements. Water loss or uptake was found to be negligible during this process.
A broadband dielectric spectrometer, Novocontrol Alpha analyzer, was used to measure the complex dielectric function, * ͑͒ = Ј͑͒ − iЉ͑͒, =2f, in the frequency ͑f͒ range from f =10 −2 Hz to f =10 6 Hz. The samples were placed between parallel gold-plated electrodes with a diameter of 30 mm. The sample thickness was typically 0.1 mm thick. After cooling at a rate of 10 K / min, isothermal frequency scans recording * ͑͒ were performed every 5°over the temperature range of 140-290 K ͑in the case of the dry sample, this range were extended up to 500 K͒. The sample temperature was controlled with stability better than Ϯ0.1 K. In addition, a sample with w c = 40 wt % was measured also in a higher frequency range ͑10 6 -10 9 Hz͒ by using an Agilent rf impedance analyzer 4192B. In this case, parallel goldplated electrodes with a diameter of 10 mm were used.
Some high pressure measurements were performed using a setup described in detail elsewhere. 19, 20 Very briefly, dielectric measurements were carried out in a pressure cell ͑0 -300 MPa͒ supplied by Novocontrol GmbH. The dielectric loss was measured in the whole frequency range
͑10
−2 -10 6 Hz͒ with a broadband alpha dielectric analyzer ͑Novocontrol GmbH͒. The measurements were performed by frequency sweeps at constant temperature, after stabilizing the temperature of the cell for about 2 h, with stability better than Ϯ0.1 K, and constant pressure, with stability better than Ϯ2 MPa. After each frequency sweep, the pressure was changed to the next value, and once the highest value was reached, the pressure was reduced to the atmospheric value and temperature was changed. The measurements have shown a very good reproducibility after repeating them several times.
Finally, a DSC Q1000 TA instrument was used in standard mode. Standard DSC measurements were performed using cooling and heating rates of 10 K / min. Hermetic aluminum pans were used for all the materials. The sample weights were about 10 mg. The glass transition temperature of dry PVP determined as the onset of the heat flow step resulted in 455 K.
RESULTS

Dry poly"vinyl pyrrolidone…
Isothermal data of the dielectric loss Љ of dry PVP at some temperatures are shown in Fig. 1 . In this plot two different processes can be observed and they will be denoted by ␤ and ␥ in order of decreasing time scale. As an example, the dielectric loss at a temperature of 465 K is selected to show both ␤ and ␥ processes in Fig. 2 . As we have pointed out in the introduction, the ␣ process is not resolved in the dielectric loss due to the fact that a high conductivity masked any relaxation process that is not very intense. Note that, up to our knowledge, there is no relaxation data on dry PVP available in the literature in this frequency and temperature range.
When the analysis of the isothermal loss spectra is considered, it has to be taken into account that, whereas the ␣ peak is typically described by a Havriliak-Negammi function, 21 
where ϱ and s are the unrelaxed and relaxed values of the dielectric constant, is a relaxation time, and ␣ is a shape parameter ͑0 Ͻ ␣ ഛ 1͒. Note that = 1 at the loss peak maximum. Thus, we chose to fit each of the dielectric processes observed in Fig. 1 or 2 by Cole-Cole functions. A power law term was added to account for the conductivity contribution at low frequencies. An example of the fitting procedure was shown in Fig. 2 . The so obtained temperature dependence of the relaxation times of both ␥ and ␤ processes of dry PVP are presented in Fig. 3 together with the calorimetric response ͓frames ͑b͒ and ͑a͒, respectively͔. Below the calorimetric glass transition, the temperature dependence of both ␥ and ␤ of dry PVP can be described by Arrhenius equations ͑T͒ = o exp͑E / kT͒, where for a simple activated process o correspond to a molecular vibration time and E is the activation energy. As a result of the fitting, the activation energy was estimated to be 0.81 and 1.34 eV, whereas log͑ o ͒ was −13.4 and −16.25 for processes ␥ and ␤, respectively. Note that, at temperatures close to T g , the temperature dependence of ␤ crosses over to a stronger non-Arrhenius dependence above T g , whereas for ␥ process the temperature dependence of the relaxation times follows essentially the same Arrhenius equation.
Finally, Fig. 4 shows the temperature dependence of the relaxation strength of both ␤ and ␥ processes. Clearly, the dielectric strength of ␤ and ␥ processes has both a stronger temperature dependence above T g .
PVP-water solutions
The glass transition temperature of PVP-water mixtures were obtained from calorimetric measurements ͑DSC͒. From these, it follows that no crystallization on cooling occurs and, consequently, a fully amorphous material is obtained at low temperatures for all the mixtures. The glass transition temperatures obtained by DSC are shown in Table I .
Isothermal data of the dielectric loss Љ of PVP aqueous solution at T = 175 K are shown in Fig. 5 . A new very broad and symmetric peak is observed for all the concentrations. As the peak intensity increases with water concentration, and from the comparison with other polymer-water system, 10, 11, 23 this process can be attributed to the dynamics of water molecules in the mixtures. Figure 6 shows the imaginary part of the dielectric response at T = 155 K for a mixture with c w = 10 wt %. At this temperature the main relaxation process is clearly observed together with a shoulder on the right side of the main peak. The relaxation strength of this faster component also increases with water concentration and it could be also related with the water molecules in the mixtures. On the other hand, the whole dynamics of water mixtures ͑␣ pro- cess͒ is not resolved for PVP-water solutions because the conductivity contribution dominates at low frequencies and, as in the case of dry PVP, prevents its detection.
As in the case of dry PVP, we chose to fit each of the dielectric processes by a Cole-Cole function. In Fig. 6 we show an example of the total curve fit to data including the slower and faster relaxation processes and the low frequency tail.
The relaxation strength ͑⌬ = s − ϱ ͒ of the main process as obtained from the fits is shown in Fig. 7 . Clearly, ⌬ is almost temperature independent but it is greatly affected by the amount of water. Changes in ⌬ were plotted as a function of w c in Fig. 8 at T = 180 K. It is immediately clear that ⌬ increases moderately with the concentration until around 20 wt %. After that, a much stronger increase is observed which indicates a larger dipole moment reorientation in the high water concentration range. Note that, at low water concentration ͑w c Ͻ 20 wt % ͒, the relaxation strength is very low and almost water content independent. This indicates that the mobility of the water molecules is very small, likely because at low water concentration they are strongly attached to the polymer matrix. Figures 9͑a͒ and 9͑b͒ show the temperature dependence of the relaxation times obtained for PVP-water mixtures. The logarithm of the relaxation times as a function of the reciprocal temperature shows a lineal behavior. As a consequence, in this temperature range, the relaxation times were fitted by an Arrhenius equation. Whereas the time scale of the slower process is sensitive to the water concentration, the faster one is essentially independent on water content. The obtained values of the activation energy ͑E͒ and the pre-exponential factor ͓log͑ 0 ͔͒ of the slower process are shown in Table I . It is apparent that the values of o are much lower than typical vibrational times. It is also noteworthy that both the activation energy and the absolute value of the relaxation times for the mixtures at the lowest water concentration ͑ϳ1 wt %͒ are similar to those found in other water solutions with similar water concentration. 24 On the other hand, the corresponding values for the faster component are E = 0.24 eV and log͑ o ͒ = −11.8 for all the water concentrations. Note that the value of o is of the order of a vibrational time.
DISCUSSION
Dry PVP
First of all, we will focus on the behavior of dry PVP. The relaxation map in Fig. 3 shows two sub-T g processes. It is well known that different molecular mechanisms can be responsible for secondary processes in glass-forming materials. At temperatures below T g , the system is in a nonequilibrium state, and secondary relaxations can take place in loosely packed regions due to frozen-in density fluctuations, i.e., the so-called "island of mobility." 25 Such relaxations were systematically investigated by Johari and Goldstein sal existence of this secondary process, even in rigid molecular glass formers. Thus, this type of relaxation should involve the motion of the whole molecule, having therefore an origin similar to that of the ␣ relaxation. These secondary relaxations are generally referred to as Johari-Goldstein ͑JG͒ relaxations. Since JG relaxations are originated from motions of all parts of the molecule or segments in the case of polymers, they are defined as intermolecular in character. However, there is another type of sub-T g relaxations: those that involve the motion of pendant groups or an isolated part of the molecule. These relaxations are not JG type and would be mainly controlled by intramolecular potentials. One way to distinguish between both types of sub-T g relaxation is by investigating the dielectric response at elevated pressures. At atmospheric pressure, both a JG relaxation and a secondary relaxation reveal the same kind of behavior: an Arrhenius dependence of its relaxation times bellow T g , a dielectric strength that increase with temperature, and similar values of the activation energy. However, it is well established that those secondary relaxations related to the local motion of pendant groups are rather insensitive to pressure. 27 In contrast, JG relaxations are sensitive to the application of pressure although much less than the ␣ relaxation. Thus, experiments at elevated pressures make it possible to characterize the type of the sub-T g relaxation: those unaffected by pressure should be relaxations associated to the motions of a given part of the structural units, whereas those affected should be of the JG type. Figure 10 shows the dielectric spectra at different pressures ͑0.1, 150, and 300 MPa͒ of dry PVP at T = 423 K. It is evident that the ␥ relaxation is unaffected by pressure changes, whereas the tail of the ␤ relaxation ͑visible at low frequencies͒ moves to lower frequencies with increasing pressure. As we pointed out before, this is a signature that the ␥ relaxation is not JG type, whereas the ␤ relaxation is JG type.
In addition, we can observe in Fig. 3 that the temperature dependence of the relaxation time of ␤ relaxation is nonArrhenius above the calorimetric T g . This is what has been usually observed in other JG type relaxations. Therefore, this crossover is also in agreement with the assignment of this process as JG type. In the high temperature range, the ␤ relaxation tends to merge with the ␣ relaxation to produce a single process referred to as ␣␤ relaxation, 28, 29 and this is likely the reason why the relaxation strength of ␤ relaxation increases very much at T g .
Finally, the Arrhenius law for ␥ process has a preexponential factor close to the vibrational times and, therefore, the corresponding activation energy can be straightforward interpreted as the energy barrier for a particular molecular motion. Precisely, assignment of this molecular motion is outside of the scope of the present paper. Despite of that, the fact that the dielectric strength of the process increases very markedly above T g would suggest that it corresponds to the motion of a rather bulky unit, which in the glassy state would sense significant steric hindrance.
Water solutions
Now we will focus on the main and slow relaxations of the dielectric spectrum shown in Fig. 5 . As the dielectric strength of this process increases with water concentration ͑see Fig. 8͒ , it follows that this relaxation originates from water molecule dynamics. As we have mentioned before, this is confirmed by the fact that the behavior of this process is similar to that found in other aqueous mixtures. 10, 11, 23 Furthermore, as it can be seen in Fig. 5 , dry PVP does not show any relaxation process in this range.
When discussing the relaxation times of water dynamics in this system, it is important to note that the behavior reported up to now corresponds to the glassy state, i.e., the temperature range considered was below the glass transition temperature of the mixture. At temperatures lower than T g , the temperature dependence of the relaxation times is found to be Arrhenius for all the water concentrations. In addition, the activation energy is almost constant at high water concentrations ͑see Table I͒ in agreement with the behavior of PVME-water solutions. 11 The absolute values of the relaxation times are dependent on the water concentration but, above w c = 20 wt %, they are also close to each other.
As mentioned before ͑see Fig. 8͒ , the relaxation strength of the slow process increases in a nonmonotonous way with water concentration. For w c Ͻ 20 wt %, this increment is 
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Poly͑vinyl pyrrolidone͒ and its water mixtures J. Chem. Phys. 128, 044901 ͑2008͒ much less pronounced compared to higher w c . From this observation, we follow that the dipole reorientation must be much more restricted at low water concentration. This would indicate that most of the water molecules are strongly attached to the PVP chains and, as a consequence, its ability for reorientation is very much restricted. On the other hand, our results suggest that, at higher water concentrations, an increasing number of water molecules are not linked directly to the polymer but probably tends to form aggregates or clusters. This would give rise to a larger ability for dipole reorientation, which is reflected in the stronger increasing of the relaxation strength. It is worthy of remark that, in the high water concentration range, the temperature dependence of the main relaxation times becomes independent of the water content, as shown in Fig. 9͑b͒ . This would indicate that, at high water concentration, water-water interactions dominate the dielectric response, being that the interaction of water molecules with the polymer is less relevant for the dielectric relaxation process. This interpretation is also supported by molecular dynamic ͑MD͒ simulations reported in the literature. 30 , 31 Xiang and Anderson 30 explored the distribution of water in PVP-water solutions at two water concentrations: 0.5 and 10 wt %. Whereas at 0.5 wt %, the water molecules were found mostly isolated; at 10 wt % the distribution of water molecules was found to be highly heterogeneous, reflecting the formation of water strands or small water clusters. In addition, by using small angle neutron scattering measurements, van der Elsken et al. 31 revealed the formation of large scale structures when a 60 wt % PVPwater mixture is cooled to 250 K. All of these results point out to the existence of water clusters at high water concentration, in agreement with our interpretation of the dielectric response.
On the other hand, the fast and weak relaxation components, also related with the water dynamics ͑see Figs. 6 and 9͒ have a water content independent relaxation time. The activation energy is much lower than that of the main relaxation. The corresponding prefactor of the Arrhenius fit is of the order of a vibrational time. This suggests that this faster relaxation component could be related with the dynamics of the isolated water molecules likely directly bounded to the polymer. This could explain why its relaxation strength is rather low for all the water concentrations ͑see Fig. 8͒ . The determination of the specific group where the water molecules are directly bounded to the polymer will require using other experimental techniques and is out of the scope of the present work.
At this point it could be also interesting to clarify whether the main water relaxation process has the characteristics of a JG relaxation as has been previously suggested by other authors 32 based on indirect arguments. In order to address this point, we have performed additional experiments on a few samples at higher pressures and temperatures. When comparing the water relaxation of the mixture at the lowest accessible temperature in the pressure cell for two different pressures, 0.1 and 300 MPa, it is clear that the water process depends significantly on pressure, as expected for a JG relaxation. In our experiment we found that the high frequency tail of the process shifts about 1 decade to lower frequencies when increasing pressure. Thus, these results evidence that the water dynamics in the mixture have some of the characteristics of a JG relaxation. To go further in this aspect, we can investigate the behavior of this process at higher temperatures/frequencies. As we have shown above, a JG relaxation is expected to show a crossover in the temperature dependence around the glass transition range. This has been, in fact, already observed in other water mixtures. 10, 11, 33, 34 In order to explore this region in the PVP/ water system, we have performed high frequency dielectric experiments ͑10
6 -10 9 Hz͒ on some water rich mixtures ͑w c Ͼ 30 wt % ͒ by using an Agilent rf impedance analyzer 4192B. Note that the high frequency data were collected during cooling the samples in order to avoid the cold crystallization that is usually observed on heating above 250 K. 11 A representative result is shown in Fig. 11͑b͒ together with the cooling DSC curve for the same solution ͓see Fig. 11͑a͔͒ . In addition, a single point obtained on the same sample at room temperature using a network analyzer has been included. From the results in Fig. 11͑b͒ it is apparent that a crossover from an Arrhenius behavior below T g to a VFT-type behavior above T g occurs for the main water related relaxation. As we mentioned above, this crossover has been observed not only for water mixtures but also for water in physical confinements. Inset in Fig. 11͑b͒ shows the temperature dependence of the relaxation times for water in solutions of PVME, 11 tetraethylene glycol ͑4EG͒, 35 penta-ethylene glycol ͑5EG͒ 10 and water confined in molecular sieves 36 where a very similar crossover is observed. These results confirm that the water dielectric relaxation in the mixtures has the usual characteristics of a JG relaxation.
Our interpretation of the results mentioned above is based on a picture in which, above the glass transition of the mixture, the polymer matrix is mobile and the water molecular dynamics occurs in a highly fluctuating environment. This facilitates the interaction between different clusters, giving rise to a highly cooperatively-like dynamics, likely involving interchange of water molecules. In this situation, the temperature dependence of the relaxation times would follow a VFT temperature dependence, as illustrated in Figure 11͑b͒ by means of a solid line. On the contrary, below T g as the polymer matrix is frozen, the water dynamics must occur in a restricting environment. In such situation, the cooperativeness would be restricted to the relatively small clusters remaining isolated from each other. This would explain why the temperature dependence of the relaxation time is Arrhenius type but with a pre-exponential factor far apart from that expected for a vibrational time. In this context, it is also worth mentioning that this kind of crossover from liquidlike dynamics towards confined-like behavior has also recently been reported for the dynamics of the fast component in asymmetric polymer blends, i.e., blends where the two components exhibit different mobilities. [37] [38] [39] [40] [41] This suggests the possibility that this crossover is a general trend of any dynamical asymmetric mixture, as is the case of many water mixtures. Note that the picture presented above is not contradictory with the original idea of Johari and Goldstein about the "islands of mobility" 25 as responsible for the JGtype relaxations. Below the calorimetric glass transition, the water molecules are moving inside a rigid environment ͑the frozen PVP͒ and this can be easily understood in terms of "islands of mobility."
Finally, a short comment regarding the connection between the results presented in this work and the strong-tofragile transition proposed for bulk water. 42 The predicted strong-to-fragile transition must manifest as a crossover in the temperature dependence of the relaxation times of the ␣ relaxation from non-Arrhenius to Arrhenius behavior at about T c = 225 K. However, the temperature range where the crossover occurs in PVP-water solutions is significantly lower than T c . The present study indicates that the crossover temperature is directly related to the glass transition temperature of the mixtures and, therefore, the crossover temperature is water concentration dependent. These features make it difficult to relate our findings with the predicted strong-tofragile transition of bulk water.
CONCLUSION
In summary, the dielectric response of dry PVP was characterized in the temperature range from 150 to 500 K. In water solutions, the water relaxation process observed by means of dielectric spectroscopy presents some of the features of a JG relaxation. Thus, the temperature dependence of its relaxation times displays a crossover for non-Arrhenius to Arrhenius behavior at the global glass transition of the mixtures. In addition, at high level of hydration, the temperature dependence of the relaxation times becomes almost independent on water concentration, and the behavior of water clusters in the mixtures determines the dielectric response.
